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Abstract: Formations of clots were found inside the hydrodynamic bearings of the left ventricular assisted
devices (LVADs) and caused tremendous risks to the long-term use of these devices. For the hydrodynamic
bearings used in the LVAD, not only the lubrication status but also the motion of the blood cells in the bearing
will take great effect on the performance of the device. Based on the analysis of the hydrodynamic pressures
distribution and the flowing trajectory of red blood cells in the lubrication film, the bearing is designed in a
region where enough hydrodynamic pressure is generated to float the rotor to reduce the wear, and the
entrainment of red blood cells in the gap of the bearing can be prevented to avoid the formation of clots.
Keywords: hydrodynamic lubrication; journal bearing; left ventricular assisted device; clot
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Introduction

Heart transplantation is the most successful treatment
option for patients with heart failure [1], but it is now
limited by a severe shortage of donor hearts. As a
consequence, left ventricular assisted device (LVAD)
therapy has become a treatment to provide mechanical
circulatory support for the patients. Pulsatile devices
(i.e., HeartMate IP1000, Thoratec PVAD, or Novacor)
[2−6] are designed that cyclic filling and emptying
are realized with pump actuation [7]. Newer designs
of LVAD adopt rotary-pump technology to realize a
continuous-flow with reduced pulsatility [8, 9]. The
continuous-flow LVAD are smaller, quieter, and more
durable than pulsatile-flow devices, making them
potentially better suited for long-term support [10, 11].
The formation of clots (i.e. thrombosis) is a known
major and potentially fatal complication of durable
continuous-flow LVAD, which may lead to requirement
of subsequent pump-exchange surgery or cause
premature death [12]. Considerable research effort

had been made, and it had been found that clots could
form and accumulate on most of the parts of LVAD
such as the hub, the shroud, and the blades of the
guide vane [13]. However, there is few study on the
thrombosis in the LVAD bearings.
The rotor of the continuous-flow LVAD is supported
by the bearings. Hydrodynamic bearing is one of the
bearings most commonly used in LVAD. In the design
of this kind of bearings, sufficient hydrodynamic
pressure needs to be generated in the lubrication film
to separate the pin of the rotor from the bearing to
reduce the friction and the wear. For the journal bearing,
the load mainly comes from the weight of the rotor,
which is relatively small for the LVADs, and the
bearings should work under the full-film lubrication
condition in most cases. However, in the LVADs, blood
cells, such as red blood cells (RBCs), might flow inside
and accumulate in the gap of the bearing to form
clots. Once the clots have formed and accumulated
in the gap of the bearings, the lubrication state of the
bearing will be changed. This may lead to severe
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wear between the pin of rotor and the bearing, or
even cause an unexpected stop of the rotor during
its working time. Therefore, the design of the bearing
is still a challenge and on an urgent demand in the
rapid development of LVADs.
In this work, a LVAD (Fuwai Hospital, Chinese
Academy of Medical Sciences) is taken for example
for the design of the bearing. Under the given size of
the bearing and the rotation speed of the rotor, an
optimized region for the rotor’s pin size is provided
based on the analysis of hydrodynamic pressure and
the motion of RBCs. Within the region, a full film
lubrication is achieved with enough hydrodynamic
pressure to float the rotor, and the entrainment of the
RBCs is avoided to prevent the formation of clots.

2
2.1

Experiment and numerical simulation
Experiment

The LVAD pump is implanted in the test sheep. The
implanted pumps draw blood from the apex of the
left ventricle and deliver it to the ascending aorta, as
shown in Fig. 1(a). The left ventricular assist device is
capable of a flow rate up to 5 liters per minute at a
mean pressure of 128 mm Hg.
The device consists of four main parts, which are the
front guide vane, the impeller rotor, the rear guide
vane, and the outer stator with coils and cores, as
shown in Fig. 1(b). The 3D structure of the impeller
rotor and the guide vanes are illustrated in Fig. 1(c).
The weight of the impeller rotor is 16 g. It is
supported by two bearings, the structure of which is
shown in Fig. 1(d). The bearings are installed in the
front and the rear guide vane hubs, respectively. Both
of the two bearings have trust part and journal part
made of artificial gemstone. The steel pins on each
end of the impeller rotor are inserted into the bearing
to support the rotor. The permanent magnets are
installed in the impeller rotor. The electric currents in
the stator coils change regularly under the control of
a transistor and the magnetic field vary accordingly,
which drive the permanent magnets, along with the
impeller rotor, to rotate. The blades on the rotor will
drive the blood in the pump shell to assist the heart
to pump the blood.

Fig. 1 The structures of the LVAD and the bearing. (a) Schematics
of the LVAD in the body (sheep), (b) main structure of the LVAD,
(c) 3D structure of the impeller rotor and guide vanes, (d) the
bearing structure, (e) view of the pin surface (with wear scratches
and clot marks) after the test in the body.

The pumps were implanted in the sheep, and worked
for about one week before they were taken out. Then,
the pins of the pumps were observed and measured
with the optical microscope, 3 dimensional confocal
microscope (Phase Shift MicroXAM-3D) and scanning
electron microscope (FEI Quanta 200 FEG). Figure 1(e)
shows that wear scratches and clot marks were found
on surface of the pin after the test in the sheep.
2.2 Numerical simulation method
To design the bearing, the hydrodynamic pressure in
the lubrication film is to be calculated. Here, a 3D
model of the bearing with finite width is established,
as shown in Fig. 2(a). The fluid in the gap of the bearing
is taken into account, including both of the radial
clearance and axial clearance between the bearing and
the pin. A numerical method is adopted to calculate
the pressure distribution of the lubrication film. The
grid generation is performed using the mesh module
of the ANSYS (ANSYS, Inc.) The grids are structure-
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Fig. 2 Geometry model for the numerical calculation of the
pressure distribution on the pin. (a) The geometry model of the
pin, (b) the grid on the thin lubrication film, (c) the residue of the
calculation during the iterations of the numerical method.

grid type with the minimal grid size of 0.2 μm in the
thickness direction, as shown in Fig. 2(b). The thickness
of the lubrication film h is determined by the inner
diameter of the journal bearing dB and the diameter
of the pin dp. Here, dB is a given parameter, and the
parameter of dp is to be designed to adjust the hydrodynamic pressures in the numerical calculation.
The calculations are performed based commercial
software ANSYS-Fluent (ANSYS, Inc.). The viscosity
of the blood  = 1.0 mPa·s and the density  =1.0 g/cm3.
The other working conditions such as the rotating
speed , the size of the bearing dB, etc., are presented
in Table 1. The Reynolds number of the flow under
the given conditions is 4−20 so the calculations are
conducted in a laminar flow condition. The governing
equations for the calculation of the pressures are mass
and momentum conservation equations, as presented
in Eqs. (1) and (2), where x1, x2, x3 are the x, y, z in
Cartesian coordinates, respectively; u1, u2, u3 are the
velocities in x, y, z directions, respectively;  is the
density of the fluid;  is the viscosity of the fluid; and
p is the pressure.
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During the application of LVADs, the exact operation
condition varies as the change of posture, motion,
and the physiology of the body. In this study, we
focus on the basic design of the bearings only taking
the hydrodynamic effect and the motion of the RBCs
into account, so we had simplified the situation to a
series of steady cases with different given lubrication
film thicknesses and the rotor was kept horizontal.
The boundary conditions for the calculation are as
following: the inner surface of the lubrication film is
a moving wall with the speed of , the outer surface
of the film is a static wall. The opening end of the film
connected to the outer flow is treated as a pressure
inlet, while the end to the thrust bearing is treated
as a static wall. In the calculation of the pressure
distribution, we apply the Reynolds boundary condition, for which the negative pressure was set zero
to represent the rupture of the lubricant film when
the pressure reach zero. In fact, the rupture of the
lubricant film should depend on the absolute pressure
in the film, which is affected by the pressure in
surrounding region of the bearings. In the LVADs,
the bearing at the front guide vane should be a bit
lower than the atmospheric pressure, while that at the
rear guide vane is about 128 mm Hg (16 kPa) higher for
the LVAD in this study. We had assumed a surrounding
pressure of one atmospheric pressure (about 100 kPa)
in the simulations.
Table 1
Name


dB
dp
dS
lB2
δA
R
L
δ0
μ0
Fj
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Parameters and values for the calculation.
Explanation
Value

Rotating speed of pin
Diameter of bearing
Diameter of pin
Diameter of leading surface of rotor
Length of bearing
Axial clearance between bearing
and rotor
Radius of the magnetic rotor
Length of the magnetic rotor
Average “air” gap
Magnetic permeability coefficients
Fundamental magnetic motive force

10,000 rpm
1.61 mm
1.56−1.60 mm
2.80 mm
2.30 mm
0.3 mm
4.25 mm
20 mm
4.5 mm
4π×10−7 H/m
130.06 A
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Finite-volume method (FVM) is applied to discretize
the governing equations. Semi-Imaplicit Method for
Pressure Linked Equations-Consistent (SIMPLEC)
scheme is utilized for pressure-velocity coupling. For
spatial discretization, PREssure STaggering Option
(PRESTO!) scheme and first order upwind scheme
are used for the pressure equations and momentum
equations, respectively [14]. The convergence criterion
is set as 10−5, so that the results are precise and stable.
In this work, the residue during the calculation process
is presented in Fig. 2(c).
For the journal bearing, the load mainly comes from
the weight of the rotor and the unbalanced magnetic
force. For steady study, the unbalanced magnetic forces
due to the rotor static eccentricity were calculated
according to Eq. (3), where, R and L are the radius
and the length of the magnetic rotor, respectively, δ0
is the average thickness of the gap, Fj is the fundamental magnetic motive force, μ0 is the magnetic
permeability coefficients, and it can be expressed as the
Fourier series expansion with the Fourier coefficients,
Λi, which are presented in Eq. (4). And ε is the eccentricity rate of the rotor relative to the outer stator.
F
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Within the scope of this test, the unbalanced magnetic
force due to the rotor static eccentricity is less than
1% of the load that is caused by the weight of the
rotor. So the unbalanced magnetic force is neglected
in the subsequent analysis.
The motion of the RBCs are analyzed with the
discrete phase model (DPM) [15]. The RBCs are treated
as spherical particles. The force equilibrium equation
of particles in Cartesian coordinates is presented in
Eq. (5) [15], where, upi is the particle velocity in xi
direction, ηp is the density of the particle, FD, gxi and
Fxi are the drag force, the gravity and the sum of the
other forces acting on the particle in xi direction,
respectively.

dupi
dt

 FD (ui  upi ) 

gxi (  p   )

p

 Fxi

(5)

With the DPM method, the trajectory of the particles
were obtained and the motion of RBCs in the bearing
are analyzed.
According to the calculation results, two objectives
on the design of the bearing are investigated. The first
is the size of the pin. The increase of the pin size will
decrease the lubrication film thickness, which would
generate higher hydrodynamic pressure and help to
balance the radial load. In this objective, the surface
roughness of the pin also needs to be considered since
it would reduce the actual gap between the pin and
the bearing. The second objective is to investigate
whether RBCs can enter and stay in the gap or not.

3
3.1

Results and discussion
Pressures and surface roughness

The distribution of the hydrodynamic pressure in the
lubrication film are presented in Figs. 3(a) and 3(b) in
a static and a running condition, respectively. The
pressure presents an asymmetric distribution on the
running pin, which indicates the hydrodynamic
pressure is generated and it will balance the weight
of the rotor. With the given running speed and the
size of the bearing dB = 1.61 mm, the hydrodynamic
pressure is mainly affected by the size of the pin dp.
The hydrodynamic pressure distributed on the pin
surface with different minimum film thickness hmin =
0.5(dB–dp)-e is presented in Fig. 3(c). It is found that
the pressure increases as the hmin decreases.
Integrating the hydrodynamic pressures all around
the pin surface, the load capacity provided by the
hydrodynamic pressure can be acquired according to
Eq. (6) [16].

FC 

 dp L3 e (64  4 2 )e 2  2 (dB  dp )2
(dB  dp )

[(dB  dp )2  4 e 2 ]3

(6)

The calculated load capacity under different
minimum film thickness hmin is illustrated in Fig. 3(d).
To balance the weight of the rotor and realize the full
film lubrication, the ratio of the load capacity to the
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Fig. 3 Calculated hydrodynamic pressure in the bearing. (a) and
(b) show a 3D view of the pressure distribution in the bearing in
static and running conditions, respectively. (c) is the pressure
distribution along the perimeter of the pin with different minimal
clearance. The insert schematics illustrate the status of the pin under
the lubrication. (d) The load capacity varied with the minimum
clearance hmin under different pin size. The dash line is the
critical value of the load capacity to float the rotor. The inserted
schematics show the actual clearance between the rough surfaces.

weight of the rotor Fc/W should be larger than 1. From
the calculated results, it is found that a smaller hmin
with the same pin size provides higher load capacity,
and the critical hmin to float the rotor is then determined
when Fc/W = 1, as illustrated by the dash line in Fig. 3(d).
In this figure, it is also found that a larger pin size dp
would cause higher load capacity under the same hmin.

Thus, the critical hmin increases as the pin size increases.
For example, the critical hmin is 2.2 μm for the pin with
the size dp of 1.58 mm, while it increases to 3.9 μm
when the pin size dp is 1.59 mm. The variation of hmin
indicates that a larger pin is better to provide enough
load capacity in the lubrication film to float the rotor,
while a smaller pin needs a larger eccentricity e to
achieve a smaller hmin to get enough load capacity.
When a pin is too small, the hmin would become too
small to be realized, which is demonstrated by the
curve of dp = 1.56 mm.
According to the predicted critical hmin, the size of
the pin can be determined. But in practice, the minimal
clearance also needs to satisfy the condition hmin > 3
to prevent the contact of two rough surface [17],
where  is the mean square value of the surface
roughness of the two solid surfaces,  = (Ra12 + Ra22)1/2,
as illustrated by the inserted schematics in Fig. 3(d).
Based on the calculated results, the pin size is better
to be larger to acquire larger hmin to avoid the contact
of two rough surfaces. But there is an upper limitation
on the pin size since the increasing pin size would
reduce the gap in the bearing. For example, when the
pin size reaches 1.60 mm, the critical hmin is about
4.1 μm, which is larger compared to that from the pin
size of 1.59 mm. But when the pin size is 1.605 mm,
the hmin would be less than 2.5 μm and it requires a
lower surface roughness compared to that for the pin
size of 1.60 mm.
On the other hand, the surface roughness of the
pin can be determined for a given pin size according
to the relationship Ra2 < ((hmin/3)2-Ra12)1/2. For example,
when Ra1 = 1 μm, hmin = 2.2 μm for dp = 1.58 mm, Ra2
is derived as 1.8 μm, and the corresponding surface
treatment method such as polishing and grinding
would be determined.
3.2

RBCs in the clearance

To design the pin, another condition needs to be
considered is that the RBCs will not be pulled into the
gap in the bearing. In a lubricated status, the pin will
not stay at the center of the bearing because of the
eccentricity as shown by the inserted schematics in
Fig. 3(c). Therefore, the position opposite to the minimal
clearance will have the maximum gap. For example,
when dp = 1.59 mm, and hmin = 2.2 μm from the results
in Fig. 3(d), the hmax = 27.8 μm, which is much larger
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than the average diameter 8 μm of RBCs. This gap
would allow the deformable RBCs to flow inside. On
the other hand, there are high and low pressure regions
caused by the hydrodynamic pressure distribution,
as presented in Fig. 3(c). The low pressure provides
the force to pull RBCs into the gap. The trajectory of a
RBC can be predicted by the calculated streamlines in
the lubrication film, and it may have three different
status with the different pin size, as presented in
Figs. 4(a)−4(c).
The first status is that the RBCs are pulled into the
gap with a relative large depth along the axis. RBCs
are circulating in the gap and passing the high and
low pressure regions periodically, as show in Fig. 4(a).
The circulation and accumulation in the gap will
cause the blood clot on the pin surface. Actually, the
entrainment of RBCs into the gap occurred in the
experiments, and the formed clots on the surface of
the pin are found, as shown in Figs. 4(c) and 4(d). The
second status is that the RBCs can flow into the gap,
but within a few rounds they are pushed out of the gap
and they are not accumulated in the gap, as shown in
Fig. 4(b). With the increase of the pin size, the third
status occurs, where the RBCs are not entering the
gap, and they are only circulating at the entrance of
the gap, as shown in Fig. 4(c). In the latter two statuses,
the RBCs would not accumulate in the gap, and there
will be no clots formed on the pin surface. In the
experiment, the pin surface is clean and no adhesion
of the RBCs is found for the latter two conditions, as

shown by Fig. 4(e).
It is found that the first status occurs when the pin
size and the eccentricity are both smaller. With the
increase of the pin size and the eccentricity, the flowing
RBCs gradually changes to the second and the third
status. The streamlines in the gap with the change
of the pin size and the minimal clearance hmin are
simulated, and the results are presented in Fig. 4(f)
(to be consistent with the results from Fig. 3, here the
eccentricity e is presented by the hmin, and hmin =
0.5(dB–dp)-e). The 2nd and 3rd status for the RBCs flowing
in the gap are within the boundaries of dashed lines,
as shown in Fig. 4(f). According to the results, the
proper pin size together with the eccentricity to avoid
entrainment of RBSs in the gap can be determined. To
prevent the entrainment of RBCs in the gap, a practical
method is to increase dp which reduces both the gap
size and the eccentricity.
Here, the streamlines of the continuous fluid are
used to represent the trajectory of the RBCs. Usually,
the RBCs are flowing along the streamlines because
they are small and have high deformability [18]. In
this simulation the RBCs are considered here to follow
the streamlines with their high deformability and the
minimal gap is set to 3 microns, which is equal to the
thickness of a RBC to allow the flowing of RBC in
the gap.
3.3

Optimization of bearing design

According to the calculated results of hydrodynamic

Fig. 4 Flowing status of RBCs in the gap. (a)−(c) show the calculated streamlines in the gap, corresponding to the three different status
of the entrainment of RBCs, (c) and (d) show the clots formed on the pin surface in the experiment, while (e) shows the clean surface of
the pin, (f) the streamlines in the gap changed with the pin size and the minimal clearance.
http://friction.tsinghuajournals.com ∣www.Springer.com/journal/40544 | Friction
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pressures and the streamlines of the RBCs in the
gap, the pin size and the minimal clearance (or the
eccentricity of the shaft) are the crucial parameters to
affect the performance of the bearing. Here we draw
a diagram of the bearing performance as shown by
Fig. 5 where the load capacity and the entrainment
of the RBCs in the gap are dependent of the pin size
and the minimal clearance. In Fig. 5, the blue lines are
the contour of relative load capacity, which is from

the results shown in Fig. 3(d). The red region between
the two dashed lines is the no entrainment region of
RBCs which is from the simulations results in Fig. 4(f).
The blue dotted lines illustrate the corresponding
surface treatment method on the pin, and the acquired
surface roughness Ra can satisfy the minimal clearance.
The superposed region with shadows is the
optimized parameters of pin size and the minimal
clearance for the design of the bearing. In the region,
the hydrodynamic pressure can float the rotor, while
the RBCs would not circulate and accumulate in the
gap to form the clots.
The design of the bearing is crucial to the performance
and the working life of the device. For the original
design with the pin diameter of 1.58 mm, which was
outside of the superposed region, distinct wear scratches
were found on the surface of the pin after the 168 hours
running test in the sheep body, as shown in Figs. 6(a)
and 6(b). For the optimal design with the pin diameter
of 1.60 mm, the pin surface is still smooth after the
test, as shown in Figs. 6(c) and 6(d), and no clot marks
are found as shown in Fig. 4(e).

Fig. 5 The diagram of the bearing performance on the relative
load capacity and the entrainment of RBCs under different pin
diameter and minimal clearance.

4

Conclusions

In this work, the hydrodynamic pressures generated

Fig. 6 Surface profile of the pin after the tests (a) and (b) are the surface profile of the pin in a tight fit in 3D and 2D view, respectively,
and scratches are found on the surface after a 168-hour running experiment in the body (sheep). (c) and (d) are the surface profile of the
pin in a well-designed fit in 3D and 2D view, respectively, and the surface is still smooth after the experiment.
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in the lubrication film in the bearing of a LVAD are
numerically analyzed. Based on these numerical results,
the size of the pin of the rotor is designed under a
given bearing size and rotating speed. The pin should
be large to generate enough hydrodynamic pressures
to float the rotor, while it should not beyond the size
that causes the contact of the two rough surfaces. Also,
larger pin would help to prevent the entrainment of
the RBCs in the gap of the bearing. Taking into all the
three effects, a region for the design of the pin in a
given bearing is provided. This demonstration may
be helpful in the design of a LVAD to reach longer
working life with better performance.
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